Coprophilous fungi inhabit herbivore feces, secreting enzymes to degrade the most recalcitrant parts of plant biomass that have resisted the digestive process. Consequently, the secretomes of coprophilous fungi have high potential to contain novel and efficient plant cell wall degrading enzymes of biotechnological interest. We have used one-dimensional and two-dimensional gel electrophoresis, matrix-assisted laser desorption ionizationtime-of-flight tandem mass spectrometry (MALDI-TOF/TOF MS/MS), and quadrupole time-of-flight liquid chromatography-tandem mass spectrometry (Q-TOF LC-MS/MS) to identify proteins from the secretome of the coprophilous fungus Doratomyces stemonitis C8 (EU551185) isolated from koala feces. As the genome of D. stemonitis has not been sequenced, cross-species identification, de novo sequencing, and zymography formed an integral part of the analysis. A broad range of enzymes involved in the degradation of cellulose, hemicellulose, pectin, lignin, and protein were revealed, dominated by cellobiohydrolase of the glycosyl hydrolase family 7 and endo-1,4-␤-xylanase of the glycosyl hydrolase family 10. A high degree of specialization for pectin degradation in the D. stemonitis C8 secretome distinguishes it from the secretomes of some other saprophytic fungi, such as the industrially exploited T. reesei. In the first proteomic analysis of the secretome of a coprophilous fungus reported to date, the identified enzymes provide valuable insight into how coprophilous fungi subsist on herbivore feces, and these findings hold potential for increasing the efficiency of plant biomass degradation in industrial processes such as biofuel production in the future.
Filamentous fungi exist in a broad range of habitats, fulfilling significant roles in a diversity of ecosystems. Integral to their survival is the ability to secrete enzymes to break down complex materials in the environment into small molecules that can be absorbed into the hyphae and used for nutrition (53) . In the past decade, advances in protein identification techniques and genome sequencing have enabled detailed investigation of the secretomes of saprophytic (31, 42, 47, 50, 51) , pathogenic (28, 35, 43) , and symbiotic fungal species (29) , revealing rich and diverse enzyme arrays. The fungal secretomes have been explored to find enzymes and enzyme combinations for various industrial applications, such as paper, textile, and food manufacture (7, 33) and economically and industrially sustainable hydrolysis of plant biomass to fermentable sugars for biofuel production (1, 13, 46, 51) .
Coprophilous fungi are a subgroup of saprophytic fungi that can inhabit feces, most commonly herbivore feces (53) . As the waste product of the digestive process, herbivore feces are predominantly composed of the most recalcitrant and indigestible parts of the plant: the cell wall polymers cellulose, hemicellulose, and lignin (21) . Therefore, the potential for the secretomes of coprophilous fungi to contain novel enzymes for efficient plant cell wall degradation is high. Only one coprophilous fungus, Podospora anserina, has had its genome sequenced to date (10) . An impressive array of genes encoding secreted glycosyl hydrolases was revealed, some of which have recently been used to supplement the secretome of the industrially exploited fungus Trichoderma reesei to improve the enzymatic hydrolysis of lignocellulosic biomass (5) . To our knowledge, proteomic analysis of the secretome of a coprophilous fungus has not been reported and invites investigation.
Doratomyces stemonitis C8 is a coprophilous fungus isolated from koala feces (38) . A koala's diet consists almost entirely of eucalyptus leaves, which are extremely tough and fibrous as a result of the harsh Australian climate and nutrient-poor soils (48) . Eucalyptus leaves contain approximately 25% cellulose, 12% lignin, and 15% noncellulose carbohydrates, including hemicellulose and pectin, components that are poorly digested and concentrated in the koala's feces (32, 49) from which D. stemonitis C8 must obtain nutrition. The secretion of enzymes with endoglucanase, xylanase, mannanase, and protease activity by D. stemonitis C8 has been reported previously (40) . However, the identity of the full array of enzymes within the D. stemonitis C8 secretome remained to be elucidated.
In the work presented here we have used gel electrophoresis, zymography, and mass spectrometry to identify enzymes within the secretome of D. stemonitis C8. The genome of D. stemonitis has not been sequenced, and consequently protein identification has been challenging, requiring cross-species identification and de novo sequencing (11, 23) . The enzymes identified provide an insight into how the coprophilous fungus can subsist on koala feces and also could have potential for development for industrial applications in the future.
MATERIALS AND METHODS
Chemicals and components. All materials were supplied by Sigma-Aldrich (St. Louis, MO) unless otherwise specified.
Fungal strain. Doratomyces stemonitis C8 (EU551185) was isolated from koala feces in a previous study (38) . The strain was maintained on potato dextrose agar (PDA) (Merck, Darmstadt, Germany) slants and stored at 4°C. Prior to liquid culturing, D. stemonitis C8 was inoculated to PDA plates and grown for 7 days at 28°C.
Liquid cultivation. Four mycelial plugs, 0.5 cm in diameter, were cut from the PDA plates of D. stemonitis C8 and placed into a 250-ml flask with 50 ml of a hydrolase-inducing medium, pH 6.5, containing 2% (wt/vol) Avicel cellulose, 1.5% (wt/vol) soybean flour, 1% (wt/vol) lactose, and minimal salts (37) . The culture was incubated on a shaker at 250 rpm for 7 days at 28°C (39, 40) and centrifuged at 4,000 ϫ g for 15 min, and the supernatant was used for secretome analysis. Two additional cultures were grown subsequently in order to visually assess the reproducibility of protein patterns from the supernatants following electrophoresis.
Two-dimensional (2D) gel electrophoresis. Proteins were precipitated by incubating the supernatant with 20% (wt/vol) trichloroacetic acid (TCA) for 14 h at 4°C. Following centrifugation at 6,000 ϫ g for 15 min at 4°C, the pellet was resuspended in 20 ml cold acetone and incubated on ice for 30 min. Centrifugation was then repeated at 6,000 ϫ g for 15 min at 4°C; the supernatant was removed, and the pellet was air dried prior to resuspension in a solubilization buffer consisting of 8 M urea, 4% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), and 1% (wt/vol) dithiothreitol (DTT). The sample was kept on ice and vortexed intermittently over a 2-h period. Desalting of the sample was then carried out in Microcon YM-3 (3,000-nominalmolecular-weight-limit [NMWL]) centrifugal filter devices (Millipore, Bedford, MA) using the same solubilization buffer until the conductivity was reduced to 0.2 mS/cm.
Immobilized pH gradient (IPG) strips (11 cm, pH 4 to 7; GE Healthcare, Sydney, Australia) were rehydrated with approximately 300 g protein over 6 h and then subjected to isoelectric focusing on an IsoelectriQ focusing machine (Proteome Systems, Sydney, Australia) at 14°C using the following protocol: 300 V for 4 h, 300 to 10,000 V for 8 h, and 10,000 V for 8 h, with a total of approximately 80,000 voltage-hours (80 kVh). The IPG strips were placed in an equilibration solution containing 50 mM Tris HCl, pH 8.8, 6 M urea, 30% (vol/vol) glycerol, 2% (wt/vol) sodium dodecyl sulfate (SDS), 1% (wt/vol) DTT, and 0.05% (wt/vol) bromophenol blue. Strips were cut in half (each 5.5 cm in length) and placed upon two hand-cast SDS-PAGE gels (12.5% [wt/vol] polyacrylamide) in a running buffer containing 1.4% (wt/vol) glycine, 0.1% (wt/vol) SDS, and 24 mM Tris. Electrophoresis was performed at 5 mA/gel for 20 min and then 12 mA/gel for 3 to 4 h. The gels were fixed in 10% (vol/vol) methanol, 7% (vol/vol) acetic acid for 30 min, stained in Coomassie brilliant blue G-250 (BioRad, Sydney, Australia) for 4 h, and destained overnight in 1% (vol/vol) acetic acid.
One-dimensional (1D) SDS-PAGE. Supernatant from a 7-day culture of D. stemonitis C8 (as described above) was subjected to 1D SDS-PAGE on a 1D NuPAGE Novex 4 to 12% Bis-Tris gel (Invitrogen, Thornton, Australia). To ensure enough protein for identification, three samples were prepared, each containing 20 l of supernatant (approximately 8 g of protein) and 5 l of loading buffer (0.5 M Tris HCl, pH 6.8, 50% [vol/vol] glycerol, 10% [wt/vol] SDS, 5% [vol/vol] ␤-mercaptoethanol, and 0.05% [wt/vol] bromophenol blue). The samples were boiled for 3 min, centrifuged for 30 s, and cooled before being loaded onto three lanes of the gel. Electrophoresis was carried out at 100 V for 60 min using a 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer containing 50 mM MOPS (Bio-Rad, Sydney, Australia), 50 mM Tris, 0.1% SDS, and 0.03% (wt/vol) EDTA. The gel was fixed and stained as described above.
1D zymograms. In an attempt to directly equate protein identification with displayed enzyme activity in the D. stemonitis C8 supernatant, 1D endoglucanase, xylanase, mannanase, ␤-glucosidase, and protease zymograms were prepared as described by Peterson et al. (40) , and protein bands exhibiting enzyme activity were excised and subjected to mass spectrometry using a technique similar to that described by Peterson et al. (39; see below) .
2D mannanase zymogram. To seek identification of the D. stemonitis C8 proteins with mannanase activity, a 2D mannanase zymogram was used. Protein precipitation, solubilization, desalting, isoelectric focusing, and 2D electrophoresis were carried out as described for the 2D gel above, except that the SDS-PAGE gels contained 0.05% (wt/vol) locust bean gum (galactomannan). Following electrophoresis, the gels were soaked in 2.5% (vol/vol) Triton X for 4 h, washed thoroughly in Milli-Q water, and incubated overnight at 30°C in 50 mM citrate buffer, pH 5.5. The gels were washed in Milli-Q water, stained in 1% (wt/vol) Congo red for 10 min, and destained in 1 M NaCl for 20 min to reveal protein spots with mannanase activity.
Identification of proteins from the 2D gel. A total of 120 protein spots were cut from the 2D gel, destained with 50% acetonitrile, 50 mM ammonium bicarbonate, and incubated overnight at 37°C with 15 ng/l trypsin. The samples were desalted and concentrated using C 18 zip-tips (Eppendorf, Hamburg, Germany) and eluted onto an AnchorChip sample plate (Bruker Daltonics, Billerica, MA) with 1 l of matrix (1 mg/ml ␣-cyano-4-hydroxy cinnamic acid in 90% [vol/vol] acetonitrile, 0.1% [vol/vol] trifluoroacetic acid). Matrix-assisted laser desorption ionization (MALDI)-mass spectrometry (MS) was performed using an Applied Biosystems (Foster City, CA) 4800 proteomics analyzer. An Nd:YAD laser (355 nm) was used to irradiate the sample, and spectra were acquired in reflectron mode in the mass range of 700 to 3,500 Da. The eight strongest peptides from each MS scan were isolated and fragmented by collision-induced dissociation (CID) and subjected to tandem time-of-flight mass analysis (TOF/TOF MS/MS). Peak lists were generated by DataExplorer (Applied Biosystems, Foster City, CA) and searched against fungal proteins in the NCBI nonredundant database (NCBInr 20100813) using the Mascot search engine (Matrix Sciences, London, United Kingdom). Protein identifications were assigned where the Mowse scores were significant (P Ͻ 0.05). Searches were also made against all proteins in NCBInr, and peptides matching known contaminants (e.g., trypsin, keratin, and collagen) were eliminated from the analysis. Candidate de novo sequences for all good-quality unassigned spectra were generated using Mascot Distiller (Matrix Sciences, London, United Kingdom) and manually BLAST searched (http://blast .ncbi.nlm.nih.gov/Blast.cgi) against proteins in NCBInr and NCBInr (Fungi). Identifications were made where two or more de novo peptides matched to a fungal protein in the database (Expect Ͻ 0.001). Ten of the largest spots from a replicate 2D gel of D. stemonitis C8 supernatant were reanalyzed by Q-TOF LC-MS/MS using the procedure outlined below for one-dimensional (1D) gel bands.
Identification of proteins from the 1D SDS-PAGE gel. Eight horizontal slices were cut across the three lanes of the 1D SDS-PAGE gel of D. stemonitis C8 supernatant. Each slice was chopped finely, destained, and digested with trypsin as described above. The peptides were extracted by sonication for 2 ϫ 15 min with 0.1% (vol/vol) trifluoroacetic acid (TFA), followed by incubation with 50% (vol/vol) acetonitrile-0.1% (vol/vol) TFA for 5 min at room temperature (RT) and incubation with 100% acetonitrile for a further 5 min at RT. Each sample was then resuspended in 80 l 0.1% (vol/vol) TFA. The resulting peptides were separated by nano-liquid chromatography (LC) using the Tempo nano-LC system (Applied Biosystems, Foster City, CA). Forty microliters of each sample was injected onto a Michrom peptide Captrap (Michrom Bioresources, Auburn, CA) for preconcentration and desalting with 0.1% (vol/vol) formic acid, 2% (vol/vol) acetonitrile at 8 l/min. The peptide trap was then switched on line with the analytical column containing C 18 RP silica (SGE ProteCol C 18 , 300 A, 3 m, 150 m ϫ 10 cm; SGE, Ringwood, Australia). Peptides were eluted from the column using a linear solvent gradient, with steps, from H 2 O:CH 3 CN (90:10; plus 0.1% formic acid) to H 2 O:CH 3 CN (0:100; plus 0.1% formic acid) at 500 nl/min over a 50-min period. The LC eluent was subjected to positive ion nanoflow electrospray analysis on an Applied Biosystems (Foster City, CA) QSTAR Elite mass spectrometer. From each TOF-MS survey scan (m/z 400 to 1,600, 0.5 s), the three largest multiply charged ions (counts Ͼ 25) were sequentially subjected to MS/MS analysis. Peak lists were generated using Mascot Distiller (Matrix Sciences, London, United Kingdom). Mascot searches against the NCBInr database and de novo sequencing of all good-quality unassigned spectra were conducted as outlined above.
Identification of proteins from the 2D gel. Bands and spots were excised from the zymogram gels, destained, reduced and alkylated, and digested with trypsin, as described by Peterson et al. (39) , and then subjected to Q-TOF LC-MS/MS and spectral analysis for protein identification as described for the 1D SDS-PAGE gel (above).
RESULTS

2D gel electrophoresis of secreted proteins.
Proteins in the D. stemonitis C8 culture supernatant were separated by 2D gel electrophoresis ( Fig. 1) . Preliminary studies using pH 3 to 10 IPG strips revealed that all proteins that were visible on 2D gels when stained with Coomassie blue had pIs between pH 4 and pH 7, so pH 4 to 7 IPG strips were used to produce gels for the MS analysis described here. Five visually similar 2D gel maps were produced from the three separate cultures of D. stemonitis C8. Over 150 distinct spots were visible on each gel following staining with Coomassie blue, and most of the secreted protein had a pI of 4 to 5 ( Fig. 1 ). Table 1 , together with identifications of proteins from the 1D SDS-PAGE gel and 2D zymogram (see below). The proteins are listed according to their function, as predicted in the NCBI database (www.ncbi .nlm.nih.gov/), the family group to which the protein belongs, based on amino acid sequence similarity determined by the CAZy (www.cazy.org/) or MEROPS (www.merops.ac.uk/) database, and the substrates upon which they act. Peptide sequences are provided in Tables S1 to S4 in the supplemental material.
Protein identifications from the 2D gel. Identifications assigned to proteins in the D. stemonitis C8 secretome from MALDI-TOF/TOF MS/MS and Q-TOF LC-MS/MS analysis of spots on the 2D gel are listed in
From the 120 spots excised from the 2D gel ( Fig. 1 ), seven proteins were identified using MALDI-TOF/TOF MS/MS and Mascot searches against the NCBI database: glycosyl hydrolase family 10 (GH10) endo-1,4-␤-xylanase, GH3 ␤-glucosidase, GH43 ␤-xylosidase, polysaccharide lyase family 1 (PL1) pectate lyase, carbohydrate esterase family 15 (CE15) 4-O-methylglucuronoyl-methylesterase, catalase, and glucose/methanol/ choline (GMC) oxidoreductase ( Fig. 1 ; Table 1 , 2D gel MALDI). A further two protein identifications were made by de novo sequencing: a GH62 ␣-L-arabinofuranosidase and an S8 subtilisin-like protease ( Fig. 1 ; Table 1 ). An additional two D. stemonitis C8 proteins yielded single peptide matches to proteins in the NCBI database with Mascot scores below significance level, but significant matches to the same proteins were later obtained using Q-TOF LC-MS/MS of the 1D gel (␣-L-rhamnosidase and pectin esterase; Fig. 1 ; Table 1 ). Single de novo peptides that matched GH7 cellobiohydrolases, GH74 endoglucanases, pectin esterases, and GH5 endo-1,4-␤-mannanases in the NCBI database (Expect Ͻ 0.001) were generated from other protein spots (see Table S1 in the supplemental material).
Additional protein identifications could be made when 10 of the large spots from a replicate 2D gel were subjected to Q-TOF LC-MS/MS (Table 1, 2D gel LC). GH7 cellobiohydrolase and GH10 endo-1,4-␤-xylanase were identified from the largest protein spots (Fig. 1, Table 1 ). Other proteins identified included GH5 endoglucanase, GH74 endoglucanase, M36 metalloprotease, and aminopeptidase Y ( Fig. 1 S1 and Table S2 in the supplemental material; spots 25, 8, 4, and 5) revealed numerous peptides bearing similarity to GH6 cellobiohydrolase (cellobiohydrolase II), Cip1, GH45 endoglucanase, and GH11 endo-1,4-beta-xylanase, respectively, but no peptide matches could be made above significance level. Most of the assigned identifications were to enzymes in the NCBI database whose molecular masses and pIs were similar to those of the protein spots from which they were identified on the 2D gel (see Tables S1 to S4 in the supplemental material).
Protein identifications from the 1D SDS-PAGE gel. More proteins in the D. stemonitis C8 supernatant were identified by Q-TOF LC-MS/MS analysis of protein bands from the 1D SDS-PAGE gel than had been identified from protein spots on the 2D gel. The collective total of significant peptide matches made from protein in the eight bands of the 1D SDS-PAGE gel to proteins in the NCBI database is shown in Table 1 (1D gel LC). The peptide sequences and the bands from which they were derived are provided in Table S3 in the supplemental material.
Most of the proteins that had been identified in the D. stemonitis C8 secretome from spots on the 2D gel ( Fig. 1 ; Table  1 , 2D gel MALDI) were also identified by Q-TOF LC-MS/MS of bands of a similar molecular mass on the 1D gel (Table 1, Table 1 . MW, molecular mass in kilodaltons. The subtilisin-like protease and ␣-L-arabinofuranosidase were identified by de novo sequencing, and peptide matches to the ␣-L-rhamnosidase and pectin esterase had Mascot scores below significance level (P Ͻ 0.05); however, all four identifications were confirmed subsequently by Q-TOF LC-MS/MS of protein bands from the 1D SDS-PAGE gel.
VOL. 77, 2011 SECRETOME OF DORATOMYCES STEMONITIS FROM KOALA FECES 3795 LC; see Table S3 in the supplemental material). Peptides assigned to the GH10 endo-1,4-␤-xylanase (giԽ116179352) dominated the spectra, with a total of 53 matches made to four unique peptides (Table 1 , 1D gel LC). Next in abundance were peptides assigned to GH7 cellobiohydrolases (16 hits to three unique peptides from three different proteins). Protein identifications achieved from the 1D SDS-PAGE gel by Q-TOF LC-MS/MS that had not been identified from the 2D gel included GH43 ␣-L-arabinofuranosidase, GH5 endo-1,4-␤-mannanase, PL4 rhamnogalacturonan lyase, isoamyl alcohol oxidase, and FAD/FMN-containing dehydrogenase (Table 1, 1D gel LC). The molecular mass of the SDS-PAGE gel band from which the D. stemonitis C8 proteins were derived correlated well with the molecular masses of the proteins to which they were assigned in the NCBI database (see Table S3 in the supplemental material). De novo sequencing of unassigned spectra resulted in an additional 35 single peptide matches (Expect Ͻ 0.001) to proteins in the NCBI database that had been identified by the Mascot search or had the same predicted function. A further 74 de novo sequences could be tentatively assigned to glycosyl hydrolases, polysaccharide lyases, and proteases in the NCBI database with sequence similarities below significance level (Expect Ͼ 0.001) (see Table S3 in the supplemental material).
With the exception of one ␤-glucosidase and the rhamnogalacturonan lyase (Table 1) , all of the above-described identification assignments were to proteins possessing signal peptides and predicted to be secreted by SignalP (www.cbs.dtu.dk /services/SignalP/). Five hypothetical proteins of unknown function were also identified, one of which was predicted to be secreted, and a further five identifications were made to proteins that are intracellular in other fungal species, suggesting that a small amount of cell lysis may have occurred in culturing or centrifugation.
1D zymograms. Many of the protein bands exhibiting enzyme activity on the xylanase, endoglucanase, ␤-glucosidase, and protease zymograms (Fig. 2) were of a molecular mass similar to those of protein spots from the 2D gel (Fig. 1 ) from a Assignment of proteins to those in the NCBI database (www.ncbi.nlm.nih.gov/) was determined by MALDI-TOF/TOF MS/MS and/or Q-TOF LC-MS/MS of protein spots or bands of the 2D gel, 1D gel, or 2D mannanase zymogram. Proteins are grouped according to their predicted enzymatic function as defined by NCBI (www.ncbi.nlm.nih.gov/), the protein families to which they belong based on amino acid sequence similarities defined by the CAZy database (www.cazy.org/) and Merops database (http://merops.sanger.ac.uk), and the substrates upon which they act.
b Names or predicted functions of conserved domains in proteins in the NCBInr database (www.ncbi.nlm.nih.gov/) to which significant peptide matches (P Ͻ 0.05) were made using the Mascot search engine. e Total number of peptide matches to the identified protein, derived using the methods and gels indicated in adjacent columns. . Similarly, the high-molecular-mass band (Ͼ120 kDa) on the ␤-glucosidase zymogram (Fig. 2, lane ␤g) corresponded to a ␤-glucosidase identified at Ͼ120 kDa on the 2D gel (Fig. 1) . No endoglucanases were identified from protein of Ͻ38 kDa using the Mascot search engine to account for the large band at approximately 20 kDa on the endoglucanase zymogram. However, de novo sequencing of Q-TOF LC-MS/MS data from a protein spot at approximately 25 kDa, pI 5, on the 2D gel (see Fig. S1 in the supplemental material; spot 4), revealed numerous peptides bearing similarity to GH45 endoglucanases in the NCBI database (see Table S2 in the supplemental material; spot 4), although matches were below significance level. No ␤-glucosidases were identified from protein of 30 to 50 kDa to account for the band on the ␤-glucosidase zymogram at approximately 40 kDa (Fig.  2, lane ␤g) . The approximately 26-kDa band on the protease zymogram (Fig. 2 , lane Pr) roughly aligned to the serine protease at approximately 30 kDa, pI 4.2, on the 2D gel, and the large 34-to 45-kDa band on the protease zymogram to the metalloprotease at approximately 42 kDa, pI 6, on the 2D gel (Fig. 1) . Each of the above proteins that had been identified from the 2D gel was also identified from bands of approximately the same molecular mass from the 1D SDS-PAGE gel (see Table S3 in the supplemental material). The 33-to 40-kDa bands on the mannanase zymogram (Fig. 2 , lane Mn) corresponded to the GH5 endo-1,4-␤-mannanases ( Table 1) that had been identified from bands of similar molecular mass on the 1D SDS-PAGE gel (see Table S3 in the supplemental material), but no mannanases were identified from the 2D gel. Protein identifications from the 1D zymograms. Protein identifications could be made from bands excised from the 1D xylanase, mannanase, and endoglucanase zymograms (Fig. 2) using Q-TOF MS/MS. The substrates and stains used in these zymogram gels did not appear to affect the MS analysis. However, in most instances, protein identifications from the zymogram bands did not match with enzymes with the expected activity. Instead, identifications were the same as those of the most abundant proteins of similar molecular masses, specifically the GH10 xylanase (giԽ116179352) and GH7 cellobiohydrolase (giԽ39971383, giԽ4204214), which had already been identified from the 1D SDS-PAGE and 2D gel (Table 1 ; Fig.  1 ). No fungal proteins could be identified from the protease zymogram because the substrate casein dominated the MS/MS spectra. Identification of fungal proteins from the ␤-glucosidase zymogram bands was also not possible, although trypsin could be identified from the samples, indicating that the MS/MS process was still able to function correctly in the presence of the ␤-glucosidase substrate 4-MU-␤-D-glucopyranoside that was contained in the gel (40) .
2D mannanase zymogram. The 2D mannanase zymogram produced from the supernatant of D. stemonitis C8 is shown in Fig. 3 . Mannanase activity was apparent from protein at approximately 35 to 38 kDa, pI 4.3 to 4.5 (Fig. 3, spot 2) , and from a slightly smaller spot at approximately 34 kDa, pI 4.5 (Fig. 3, spot 3) . A chain of smaller spots indicating mannanase activity was visible at approximately 47 kDa and pI 4.5 to 5 (Fig. 3, spot 1) . The molecular mass of the proteins displaying enzyme activity on the 2D mannanase zymogram correlated well with bands on the 1D mannanase zymogram (Fig.  2, 
lane Mn).
Protein identifications from the 2D mannanase zymogram. Separating proteins in the D. stemonitis C8 supernatant by isoelectric point as well as by molecular mass was effective in isolating the proteins with mannanase activity from other abundant proteins occurring at the same molecular mass. Consequently, confident identification of two proteins with mannanase activity could be made using Q-TOF LC-MS/MS: 29 peptides from protein forming the chain of small spots (Fig. 3,  spot 1 ) matched to an endo-1,4-␤-mannanase from Magna- porthe oryzae (giԽ145606609), and 11 peptides from the large protein spot (Fig. 3, spot 2 ) matched to an endo-1,4-␤-mannanase from the coprophilous fungus Podospora anserina (giԽ171677227) ( Table 1, 2D zym LC; see Table S4 in the supplemental material). The Magnaporthe oryzae endo-1,4-␤-mannanase had been identified by a single peptide match from the 1D gel (Table 1, 1D gel LC; see Table S3 in the supplemental material) with a confidence score (Mowse score) of 48, but identification from the 2D zymogram could be made with a confidence score of 394 (see Table S4 in the supplemental material). Identification of the Podospora anserina endo-1,4-␤-mannanase was achieved only from the 2D mannanase zymogram (Table 1 , 2D zym LC; see Table S4 in the supplemental material). The protein in the other spot exhibiting mannanase activity on the 2D zymogram (Fig. 3, spot 3) could not be identified.
DISCUSSION
The coprophilous fungus Doratomyces stemonitis C8, isolated from koala feces (38) , was grown in a hydrolase-inducing liquid medium, and secreted proteins were identified using gel electrophoresis and mass spectrometry. The genome sequence of D. stemonitis was not available, so cross-species identification, de novo sequencing, and zymography assisted the analysis. Most identified proteins within the D. stemonitis C8 secretome (Table 1) were enzymes involved in the degradation of the plant cell wall polymers cellulose, hemicellulose, pectin, and lignin. A diverse set of proteases were also identified, as well as some proteins of unknown function.
Cellulose is the largest single component of eucalyptus leaves and is partially broken down by microbial degradation in a koala's hindgut (48) . However, the bulk of the cellulose fibers are released in the koala's feces (16) . Consequently, it is not surprising that the D. stemonitis C8 secretome contains the three main classes of enzymes involved in cellulose degradation that have been commonly identified in the secretomes of other saprophytic fungi (13, 31, 42, 47, 50, 51) : cellobiohydrolases that attack the ends of glucose chains forming the cellulose fibers to release glucose dimers (cellobiose), endoglucanases that cleave within the chains to expose more sites of attack for the cellobiohydrolases, and ␤-glucosidases that break down cellobiose to release glucose (26) .
The most abundant of the cellulose-degrading enzymes in the D. stemonitis C8 secretome was cellobiohydrolase from the glycosyl hydrolase (GH) family 7 (www.cazy.org/), identified from two of the largest spots on the 2D gel ( Fig. 1; Table 1 ). Also known as cellobiohydrolase I, GH7 cellobiohydrolases cleave cellobiose molecules progressively from the reducing ends of cellulose chains (54) . In similarity to the secretome of D. stemonitis C8, cellobiohydrolase I forms a large proportion of the secretome of the industrially exploited fungus Trichoderma reesei, in which cellobiohydrolase I accounts for up to 60% of the secreted protein (30) .
Two endoglucanases were identified in the D. stemonitis C8 secretome, one from GH family 5 and the other from GH family 74 (Table 1) . Whereas GH5 endoglucanases typically cleave within cellulose chains, GH74 endoglucanases tend to be specific for xyloglucan (12) . Some endoglucanase activity was shown by faint bands on the 1D endoglucanase zymogram (approximately 40 kDa and 80 kDa; Fig. 2 , lane En) at the approximate molecular masses of the identified endoglucanases on the 2D gel (Fig. 1) . However, the enzyme responsible for the prominent band at approximately 20 kDa on the endoglucanase zymogram (Fig. 2 , lane En) could only be tentatively identified as a GH45 endoglucanase based on de novo sequencing of Q-TOF LC-MS/MS data from a protein spot at approximately 25 kDa, pI 5, on the 2D gel ( Fig. 1; see Fig. S1 and Table S2 , spot 4, in the supplemental material). As GH45 endoglucanases are typically of a low molecular mass, bearing an unusually small catalytic domain of approximately 20 kDa (17), the identification seems quite plausible and warrants further investigation. GH45 endoglucanases are highly sought after in the textile, detergent (44) , and biofuel (14) industries due to their dispersing effect on solid celluloses, increasing the overall activity in a cellulolytic enzyme array.
To complete the breakdown of cellulose to glucose, the D. stemonitis C8 secretome contained protein bearing homology to four different GH3 ␤-glucosidases in the NCBI database. Multiple assignments to enzymes of the same function could be an indication that single D. stemonitis C8 enzymes bear similarity to different proteins in the NCBI database at different parts of their amino acid sequences. Alternatively, there could be redundancy in enzyme type within the secretome, a common phenomenon in filamentous fungi that may increase metabolic flexibility and chances of survival under different environmental conditions (2) . Evidence for the activity of the high-molecular-mass ␤-glucosidase identified from the 2D gel ( Fig. 1 ) was provided by a band on the ␤-glucosidase zymogram above 120 kDa (Fig. 2, lane ␤g) .
Xylan is a poorly digested hemicellulose that is particularly abundant in the leaves of dicotyledons such as eucalyptus (20) and requires the action of numerous enzymes for its complete degradation: endo-1,4-␤-xylanases to cleave within the xylose sugar backbone, ␤-xylosidases to degrade xylose oligosaccharides, and several accessory enzymes to remove sugar, acid, or ether containing side chains (41) . A GH10 endo-1,4-␤-xylanase was the most abundant protein identified in the secretome of D. stemonitis C8, with the greatest number of all peptide assignments from protein in the 1D and 2D gels (Table 1) , and its activity was displayed on the xylanase zymogram (Fig. 2 , lane Xy). Xylanases from GH family 10 are known to have broad substrate specificity and can also degrade short-chain cellulose oligosaccharides (3). The train of spots identified as endo-1,4-␤-xylanase from pI 5.5 to 6.5 on the 2D gel suggested that isoforms of the enzyme were present in the secretome, possibly due to posttranslational modifications (19) . The D. stemonitis C8 secretome also contained a ␤-xylosidase and two ␣-L-arabinofuranosidases from GH families 62 (Abf2) and 43 (Table 1) , which can release arabinofuranosyl side chains from monosubstituted and disubstituted xylose residues, respectively (15) . The high degree of specialization in the D. stemonitis C8 secretome to the degradation of xylan is also a feature of the predicted secretome of the coprophilous fungus Podospora anserina (10) .
The hemicellulose mannan is another indigestible component of the cell wall matrix of dicotyledonous leaves (9) , and the D. stemonitis C8 secretome contained protein bearing homology to three different GH5 endo-1,4-␤-mannanases in the NCBI database, which cleave within the mannose backbone of VOL. 77, 2011 SECRETOME OF DORATOMYCES STEMONITIS FROM KOALA FECES 3799 the mannan polymer. The endo-1,4-␤-mannanases could not be identified from the 2D gel, and only three peptide matches could be made to endo-1,4-␤-mannanases from the 1D gel, suggesting that the quantity of this enzyme was low in the supernatant. However, mannanase activity was clearly displayed on the 1D and 2D zymogram gels (Fig. 2 , lane Mn, and Fig. 3 ) and 2D zymography proved to be a particularly effective technique to enable separation and confident identification of the mannanase by mass spectrometry (Table 1 , 2D zym LC), without interference from other highly abundant proteins in the secretome. Cellulose and hemicellulose are covalently linked with lignin within the plant cell wall, increasing their resistance to enzymatic attack. D. stemonitis C8 secreted numerous GMC oxidoreductases (Table 1) , which produce hydroxyl radicals to modify the phenolic units of lignin and increase the access of hydrolytic enzymes to cellulose and hemicellulose polymers (45) . Similarly, the predicted secretome of the coprophilous fungus P. anserina contains numerous GMC oxidoreductases (10) . In addition, a 4-O-methyl-glucuronoyl-methylesterase was identified in the D. stemonitis C8 secretome that can hydrolyze the covalent ester linkages between 4-O-methyl-Dglucuronic acid residues in xylan side chains and the alcohols in the lignin polymer (22) . A homologous enzyme, Cip2, from Trichoderma reesei has been of interest recently for its ability to increase the efficiency of plant biomass degradation (1, 55) .
Pectin is a largely indigestible polysaccharide in leaves and consists of a fairly homogeneous region of galacturonic acid that can be acetylated or methylated and a more heterogeneous region of xylogalacturonan and rhamnogalacturonan substituted with L-arabinose, feruloyl, and acetyl residues (52) . Numerous enzymes were identified in the D. stemonitis C8 secretome ( Table 1 ) that are involved in pectin degradation: a pectate lyase that cleaves within galacturonic acid chains (24), a rhamnogalacturonan lyase that cleaves between rhamnose and galacturonic acid residues in rhamnogalacturonan (8) , an ␣-L-rhamnosidase that releases terminal ␣-L-rhamnosidase residues (6) , and a pectin esterase that releases methyl residues (36) . None of these enzymes are found in the secretome of the industrially exploited T. reesei (13, 25, 29, 51) , which has a very low pectin-degrading ability in comparison to other industrial fungi such as Aspergillus species (34, 47) . The presence of the pectin-degrading enzymes in the secretome of D. stemonitis C8 could be reflective of the high levels of pectin contained within eucalyptus leaves, compared to the lower pectin levels found in decaying wood and dead plant material, which forms the natural habitat of many Trichoderma species (18) . Consequently, the enzymes may be of interest as supplements to the Trichoderma reesei secretome, particularly for degradation of freshly harvested plant materials, such as corn stover, that form a cheap and abundant resource for biofuel production (46) .
Three kinds of proteases were identified in the secretome of D. stemonitis C8 ( Table 1 ) that could allow the fungus to utilize protein in the koala feces. The zinc-dependent metalloprotease from the M36 family (Table 1 ; Fig. 1; Fig. 2 , lane Pr, prominent band at 34 to 45 kDa) and the serine protease of the subtilase superfamily S8 (Table 1 ; Fig. 1; Fig. 2 , lane Pr, approximately 26-kDa band) are endoproteases that cleave within amino acid chains. The aminopeptidases, which bear homology to the vacuolar protease aminopeptidase Y of Saccharomyces cerevisiae (aminopeptidase Y; PA_ScAPY-like; Table 1), are exoproteases that cleave at the amino termini of proteins or peptides (27) . Proteases have been found in the secretomes of most filamentous fungi explored to date, including pathogenic (27, 28, 35, 43) and saprophytic (13, 31, 42, 47) species. The proteases in D. stemonitis could be predominantly involved in the degradation of microbial bodies or sloughed epithelial cells in the koala feces (32) but may also play a role in increasing the efficiency of the degradation of the plant cell wall matrix (4) .
As the genome of D. stemonitis has not been sequenced, all protein assignments in the D. stemonitis C8 secretome were made by cross-species identification, based on sequence similarities to proteins from other fungal species in the NCBI database ( Table 1 ). The greatest number of assignments (seven) were to proteins from Podospora anserina, the only coprophilous fungus that has had its genome sequenced to date (10) . Although D. stemonitis and P. anserina belong to the same fungal class (Sordariomycetes), the two species belong to different subclasses (Hypocreomycetes and Sordariomycetidae, respectively) and orders (Microascales and Sordariales, respectively), and are therefore quite distantly related phylogenetically (www.ncbi.nlm.nih.gov/Taxonomy). Many of the other protein assignments were also from fungi from the class Sordariomycetes, but the only species that are in the subclass Hypocreomycetes, along with D. stemonitis, are Hypocrea jecorina (anamorph, Trichoderma reesei; two identifications; Table 1 ) and Gibberella zeae (four identifications; Table 1 ). The high number of similarities between the D. stemonitis and P. anserina enzymes could be a result of convergent evolution, each species adapting to the coprophilous environment in a similar way. This can be investigated further as enzymes are identified from the secretomes of more coprophilous fungi in the future.
Over 20 different types of enzymes have been identified in the secretome of D. stemonitis C8 as a result of our work ( Table 1) . The GH10 endo-1,4-␤-xylanase and GH7 cellobiohydrolase dominated the secretome ( Fig. 1; Table 1 ). In addition, numerous other enzymes that break down cellulose, hemicellulose, lignin, pectin, and protein were identified (Table 1). However, it is important to recognize that there were many small protein spots on the 2D gel ( Fig. 1) and goodquality MS/MS spectra that could not be confidently assigned to any known protein in the NCBI database. Proteins that remained unidentified in the D. stemonitis C8 secretome might be enzymes that have complementary activity to identified enzymes in the array and may increase the access of the identified enzymes to their target substrates.
In summary, the techniques of gel electrophoresis, zymography, mass spectrometry, cross-species identification, and de novo sequencing have allowed us to identify proteins in the secretome of the coprophilous fungus D. stemonitis C8, for which no genome sequence was available. In the first proteomic analysis of the secretome of a coprophilous fungus, the array of enzymes identified provide significant insight into how coprophilous fungi can degrade recalcitrant plant cell wall polymers in herbivore feces. Furthermore, the enzymes could have potential for development to increase the efficiency of industrial processes involving plant biomass degradation in the future.
